SUMMARY Sinusoidally modulated torque was applied to rotate the ankle joint of normal subjects and clinically spastic patients. Measurements were made of the effective joint compliance and of the evoked EMG activity. These procedures provide a well-quantified and reliable measure of muscle tone and hyperreflexia which is well correlated with the patient's clinical status.
The "spastic" patient presents a number of abnormal motor findings such as hyperreflexia, clonus, rigidity, and deficits of voluntary movement. None of these symptoms is well-defined in a quantitative sense, however. This lack of precise quantification creates problems in the consistent evaluation of symptoms over time and necessitates the description of symptoms in qualitative language.
Various measurements can be made in spastic patients which differ from those made in normal subjects. The ratio of the amplitudes of the Hoffmann reflex to the response to direct stimulation of the motor axons (H/M ratio) (Angel and Hofmann, 1963) , the Hoffmann reflex recovery curve (Cooper, 1969) , and the tonic vibration reflex (Burke et al., 1972; Hagbarth, 1973) have all been described as being able to distinguish between degrees of pathology and health. These methods have not been widely used in clinical evaluation, perhaps because the parameters being measured are too far removed from the abnormal symptomatology which physicians ordinarily see and of which their patients complain.
Methods of directly measuring the resistance of a joint to passive movement have also been described. Webster (1966) measured the amount of work required to cycle the forearm through a peak-to-peak arc of 100 degrees at 20 deg/s.
Bosches et al. (1960) . Martinez (1966) , and Nashold (1966) have all described similar devices which measure a limb's resisting torque as it is displaced at a slow periodic rate by a motor. Duggan and McLellan (1973) have described a method for measuring arm torque during sinusoidal oscillation while sweeping through a frequency range of 1-5 Hz. They computed the energy required to drive the arm at 2 Hz to distinguish different clinical grades of rigidity.
In the completely relaxed and co-operative subject, a joint will resist movement as a result of three physical processes. First, the inertia of the limb produces reaction forces which are proportional to acceleration. Second, the viscoelastic properties of the muscle and joint will resist movement in a complex way which is a function of both muscle length and its rate of change. Third Gottlieb and Agarwal, 1977b , for a discussion of different methodologies in this context). One particularly simple one is to apply sinusoidal torques to the joint, and to measure the resulting joint rotation.
In such a measurement, torque (r) is described by T= Tb+Tp sin (27r ft) soidal oscillation of the ankle joint and how they differ between our two subject populations.
Methods
Our subjects would sit upright in a chair of adjustable height with the thigh horizontal and the knee flexed about 300. The foot was firmly strapped to a footplate (Fig. 1) Agarwal and Gottlieb, 1977a for details).
Results
To recognise the abnormalities seen in the spastic patients, we must describe briefly the findings in normal subjects. These have been discussed at greater length elsewhere Gottlieb and Agarwal 1977a) . and (c) are (3), (3.5), (4), (4.5), (5), (5.5), (6), 6.25, (6.5), 6.75, (7), 7.5, (8), 8.5, 9, 9.5, (10), 10.87, (12), 13.8, 15.625, 17.8, 20, and 25 Hz. For (b) When the subject opposes a biasing torque of 2.7 N m (Fig. 2a) When oscillation was applied with the subject relaxed, the tonically active EMG of tibialis anterior (AT) was modulated by stretch at all frequencies between 3 and 12 Hz. The timing of this was such that the AT EMG activity appeared to be evoked by dorsiflexion. The AT EMG was maximally active (determined by integrating its area and dividing by the period of oscillation) at 6 and 6.5 Hz. The EMG of gastrocnemius-soleus (GS) showed less evidence of stretch modulation until about 6 Hz. Peak GS activity was also at 6 to 6.5 Hz. Asking the subject to plantarflex voluntarily against a motor bias torque of 1.3 N m produced a decrease in AT EMG activity and an increase in GS EMG activity. The low frequency compliance diminished slightly and a very sharp resonance appeared around 6.25 Hz. The maximum GS EMG activity was between 5.5 Hz and 6.25 Hz. Figure 6a shows five seconds of oscillation at 7.5 Hz. Note that big and small rotation cycles alternate. Both AT and GS EMGs show activity after the big cycle dorsiflexions with latencies from maximum plantarflexion being about 30 ms. stiffer than the left. Ankle jerk reflexes were difficult to elicit because of the hypertonus nor could a Babinski sign be demonstrated. Figure 7 shows average waveforms in both right and left legs with the subject relaxed and no bias torque applied. The presence of this resonance can be explained in terms of the known properties of muscle and the spinal stretch reflex. The twitch evoked by a rapid stretch of the triceps surae develops its peak tension at a latency between 125 ms and 167 ms, times which correspond to the periods of oscillation at 8 and 6 Hz. Thus, the dorsal-going phase of each cycle may evoke a stretch-reflex contraction with tension developing during the plantargoing phase of the motor's cycle.The torque motor and the muscle would then act together to increase the amplitude of oscillation.
In these respects then, the relaxed spastic subject responds to oscillation just as would a normal subject who exerts a slight voluntary plantarflexion.
Low frequency compliance is reduced. Above 4 Hz there is rhythmic modulation of soleus EMG activity and there is a resonance in the compliance between 6 and 8 Hz. There seems to be considerably more coactivation of the anterior tibial and the soleus muscles than is seen in either the relaxed or the voluntarily plantarflexing normal subject.
The compliance data presented in Figs. 3, 5, and 8 lend themselves to a simple and useful procedure for quantification. The data can be approximated by a linear mechanical system consisting of a moment of inertia (J), a viscous element (B), and an elastic element (K) . Such a system is described by the linear differential equation The parameter K is the 'spring constant' of the muscle which characterises its elastic behaviour at low frequencies. We have shown elsewhere (Agarwal and ) that this parameter varies linearly with muscle tension in normal subjects and it provides a simple measure of muscle tone. The dependence of muscle compliance on its level of activation is well-established (Wilkie, 1950) , and is presumably based on the fundamental lengthtension properties of the muscle sarcomere. The value of K is determined by the low frequency compliance of the muscle and appears to be characterised adequately by measurements at 2-3 Hz.
The value of the moment of inertia J is determined by the high frequency compliance terms. The inertia is constant in an individual subject but the estimates from the data vary for two reasons. The curve fitting procedure which establishes the best fit is one source of variance. Of greater import is that the true compliance of the joint varies in a far more complex manner than can be explained by a three element mechanical model, and the parameters are influenced by more complex processes (such as reflex effects) than just the simple mechanical properties they represent.
The viscous damping parameter B is determined largely by the midfrequency data near resonance. It is consequently very sensitive to the definition of 'best' fit. In the experiments with the relaxed limb shown previously, all three parameters can be chosen to give a good fit by minimising the criterion error= : { log (C measured/C model) } 2 (6) which provides equal weighting to data at all frequencies. In the two cases shown where the subjects contracted voluntarily against a bias torque, the fit from this criterion is far less satisfying. The solid curves for these cases were generated by selecting K and J to give good fits at high and low frequencies and then selecting B to create a resonant peak of equal height to the measured peak.
In the linear model, the resonant frequency is equal to \/K/J/27f Hz. Clearly, the sharp resonances observed in the compliance cannot be explained in tcrms of such a simple "mass-spring" phenomenon because they occur at too low a frequency. From the EMG data, it is reasonable to infer that stretch reflex mechanisms are making a significant con'ribution in this region of the spectrum and account for the difference between the model and the limb.
Whether those reflex processes are essentially spinal, however, is not immediately evident. Figure 6 shows two phenomena. In Fig. 6a , stretch cycles are alternately big and small, only the big ones evoking a reflex EMG burst. This behaviour is often seen in normal subjects in the 8-12 Hz range, and can be accounted for by the same physiological properties that produce the resonance. (At about twice the resonant frequency, the big dorsiflexing phase elicits a reflex plantar contraction which opposes the dorsiflexing phase in the cycle which immediately follows it.)
The behaviour in Fig. 6b , however, has never been observed in a normal subject. Here we see GS activity evoked by every cycle of stretch while AT activity is predominantly every other cycle. The angular oscillation remains essentially symmetric from cycle to cycle. It is difficult to explain such a response solely in terms of peripheral reflex mechanisms. In the records of Fig. 6a , the nonlinear terms in equation 2 may actually contain most of the signal energy.
It is noteworthy that the modulation of the EMGs seen in Fig. 7 provides evidence of hyperactive phasic stretch reflexes although tendon jerks could not be elicited in this subject. The Table summarises the data from five normal adult subjects and four adult patients. The rest of our patients were children. The parameters were estimated using the criteria of equation 6 except those in parentheses. Values in parentheses were computed using low frequency measurements alone to estimate K, and high frequency measurements alone to estimate J.
The Table includes the mean error of the model fit-the final value of equation 6 divided by the number of frequencies used. In those cases where there was a strong resonance in the measured compliance, this error is much larger than when there was no resonance.
These data suggest that the best second order approximation of the relaxed normal ankle has a resonant frequency below 5 Hz, a damping factor greater than 0.2 and a spring constant of less than 25 N m/radian. The error criterion is small indicating that the quality of the approximation is good. Even when all these criteria are not met, the differences between normal relaxed and normal contracted parameters are dramatically different.
In patients with clinical spasticity the resonant frequency tends to be above 5 Hz and the spring constant greater than 25 N m/radian. In such cases, the error is much greater than before, and, therefore, the parameter estimates have less meaning. Using low frequency data alone is, in fact, a more satisfying method of measuring the elastic stiffness of the joint-this would be equivalent to the method of Duggan and McLellan (1973 
Conclusion
It has been our experience that simple compliance measurements using sinusoidal waveforms provide useful information about muscle tone and phasic reflex excitability. They provide a quantitative measure that is consistent with the patient's clinical status and are obtained without any discomfort.
The methods described here for measuring compliance could be considerably simplified. It is much simpler to build a constant-displacement, sinusoidal drive using small geared AC motors. It would only be necessary to measure the RMS torque to obtain the compliance.
EMG data, if used, could be qualitatively observed on an oscilloscope. Only five frequencies -for example, 2, 3, 5, 7, 9 Hz-applied for 10 seconds each would be needed to characterise the resonance. Such a system would be extremely simple to build and operate and would provide well-quantified, reproducible information about patient status that is not now conventionally available. 
